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Microscopy with Polarization Analysis

(SEMPA) - studies of domains, domain walls and magnetic
singularitics at surfaces and in thin films
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Scanning Electron Microscopy with Polarization Analysis (SEMPA) is used to investigate the surface magnetic
microstructure of domain walls in thin permalloy films and the domain structure of magneto-optic TbFeCo alloys. Domain
wall measurements confirm the results of micromagnetic theory.

1. Introduction

Over the past several years scanning electron
microscopy with polarization analysis (SEMPA)
has matured enough that it can now obtain guan-
titative high resolution surface magnetization
maps of ferromagnetic [1-7] and ferrimagnetic
surfaces [8]. From such measurements high spa-
tial resolution images can be obtained of surface
domains, domain walls and magnetic topological
singularities. In addition to answering fundamen-
tal questions about magnetic microstructure, in-
formation gained from such studies can assist
researchers involved in developing new families
of higher density magnetic storage media.

SEMPA is one of many techniques used for
microstructural characterization of magnetic ma-
terials. In SEMPA a finely focused beam of
medium encrgy (5-50keV) electrons is rastered
across a sample. Secondary electrons are excited
near the surface by the focused electron beam.
The secondary electrons emitted from the sur-
face of a sample maintain their spin orientation.
The net polarization of the emitted secondary

'Present address: Center for Photoinduced Charge Trans-
fer, Department of Chemistry, University of Rochester,
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electrons is directly related to the sample mag-
netization for ferromagnetic materials [9]. In
ferrimagnetic materials, as we will show, the spin
polarized secondary electrons originate primarily
in the transition metal subnetwork [8]. Surface
magnetization maps are generated at high spatial
resolution by spin analyzing the emitted polarized
secondary electrons point-by-point as the incident
beam rasters across the sample surface. The in-
formation gained from a SEMPA experiment elu-
cidates the micromagnetic structure close to the
surface (< 1-5 nm).

In this paper we will use SEMPA to show the
influence of the surface on 180° domain wall
microstructure [3, 5, 10]. We will focus on the
regime where film thickness plays a critical role in
determining the wall magnetic microstructure. Fi-
nally, examples from magneto-optic recording will
be used to show the effects of thin segregation
layers on magnetic microstructure near the sur-
face.

2. 180° domain walls in permalloy

In a bulk material, 180° degree Bloch walls are
formed in the interior of the ferromagnet, while
Néel type walls are formed at the surfaces. The
penetration of the Néel wall into the bulk is on
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the order of a Bloch wall width for bulk samples
[5, 10]. For all but the highest anisotropy materi-
als, this Néel wall penetration is on the order of
tens of nanometers or larger. The structure of
domain walls in thin films can be very different
from that of semi-infinite systems. As the thick-
ness of the film approaches approximately three
Bloch wall widths, a vortex-like structure forms
within the film. This vortex wall structure is called
an asymmetric Bloch wall, a term coined by
LaBonte [11].

We calculate the micromagnetic structure pre-
sent in domain walls by following the methods
used by Brown [12], LaBonte [11], Hubert [13]
and Aharoni [14]. The equilibrium configuration
of domain walls in ferromagnetic materials re-
sults from a minimization of a system’s total
magnetic cnergy. The system’s total energy is
composed of the mean field exchange, bulk mag-
netocrystalline anisotropy, surface magnetocrys-
talline anisotropy, self-magnetostatic and external
magnetostatic energies. We solve for the magneti-
zation distribution in a domain wall by consid-
ering a boundary value problem in two spatial
dimensions with the constraint of constant mag-
netization [10-14]. The minimum energy state is
found iteratively.

The calculated cross section of an asymmetric
Bloch wall in a 160nm thick permalloy film is
shown in fig. 1a. The magnetization is out of the
page to the left of the wall (—y) and into the
page to the right of the wall (+y). The uniaxial
easy axis of magnetization is along the y-axis. The
hard axis components of the magnetization, M,
and M,, are shown in the figure. The micromag-
netics simulation is performed with a nearest
ncighbor exchange parameter of 1.05 x 10°°
erg/cm, a uniaxial anisotropy which includes
magnctostriction of 1743 erg/cm® and a satura-
tion magnetization of 813 emu /cm3. No special
surface anisotropy was included in this simula-
tion. The vortex structure in the asymmetric Bloch
wall is clearly evident in fig. la. The size of the
vortex structurc is a sensitive function of thick-
ness for films in the asymmetric Bloch wall thick-
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Fig. 1. {w) Cross section of the hard-axis magnetization direc-
tions in a 160nm thick permalloy film; (b) surface magnetiza-
tion profiles for a 160 nm thick and {¢) 240 nm thick permalloy
film. The solid symbols are the experimental data. The solid
lines are the unconvoluted micromagnctic calculation results
(upper curve in each panel) and the micromagnetic caleula-
tion results convolved with a 110nm probe (lower curve in
each panel).
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ness regime. In the SEMPA experiment we are
sensitive to the surface magnetization. This is
equivalent to sampling the top-most layer of dis-
cretized cells in the calculated magnetization pro-
file in a domain wall.

Surface domain wall magnetization profiles are
shown in figs. 1b and c for two different thick-
nesses of permalloy. The solid symbols represent
the experimental wall magnetization data from a

160nm thick permalloy film in fig. 1b. The solid
lines are the results of micromagnetic simula-
tions. The upper solid line depicts the calculated
x-component of the magnetization whereas the
lower solid line has the calculated result con-
volved with an instrument function which corrects
for the finite resolution of a 110nm probe. The
110nm convolution process sets the upper limit
of the probe size effect and was assessed experi-

Fig. 2. (a) X-component and (b) y-component of the magne-
tization in cross-tie walls in a 40 nm thick permalloy film.
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mentally for the conditions under which these
data were collected. The y-component of the
magnetization is along the domain easy axis di-
rections. No out-of-plane (z-component) magne-
tization was found. The solid symbols in fig. 1c
represent the experimental wall magnetization
data from a 240nm thick permalloy film. The
solid lines are once again the results of the
unconvolved micromagnetic simulation and simu-
lation results convolved with a 110nm probe
function. The total RMS deviations of the experi-
mental data from the calculated data are less
than 0.15 and 0.11 for the 160 and 240nm films,
respectively [10]. The full width at half maximum
of M, is roughly equal to the film thickness.

As the film thickness is decreased further, the
asymmetric Bloch wall structure degenerates into
a pure Néel wall. However, in the transition
thickness between an asymmetric Bloch wall and
a Néel wall, cross-tie walls are formed. The x-
and y-components of the magnetization in a
cross-tie wall in a 40 nm thick permalloy film are
shown in figs 2a and b. The easy axis of magneti-
zation is along the y-axis as evidenced by the two
well formed domains in fig. 2b, The thin white
line between the domains in fig. 2a is the Néel
wall part of the cross-tie wall. The large triangu-
lar shapes are the cross-ties themselves. These
arc formed by a complicated interaction of two
magnetic singularities which are located close to
one another. In any two-dimensional plane the
vector magnetization may form singularities of
either the elliptical or hyperbolic type. An ellipti-
cal singularity is located at the point of the cross-
tie triangle which is denoted by an “e” in fig. 2a.
The magnetization rotates counterclockwise about
the singularity. A hyperbolic singularity is located
at the intersection of the wall and the flat part of
the cross-tie triangle which is denoted by an “h”
in fig. 2a. The magnetization forms hyperbolic
loci about this singularity. The z-component of
the singularity is spatially too small to detect with
our current SEMPA apparatus, as the diameter
of the singularity should be on the order of 20 nm.

However, it is likely that the orientation of the
z-component of the magnetization within these
singularitics has opposite orientation for the
elliptical and hyperbolic cases [15]. The two sin-
gularities are coupled together by their dipolar
magnetic fields thus forming the cross-tie struc-
ture. Interestingly, this perturbation of the singu-
larities is propagated several microns away from
the wall and into the domains.

3. Domains in thin magneto-optic films

Magneto-optic materials such as TbFeCo alloys
are used for the thermomagnetic writing of bits
for data storage. These alloys exhibit a large
perpendicular magnetocrystalline anisotropy
which make them excellent candidates for per-
pendicular recording material [16, 17]. Of the
strategies for recording magnetic information in
perpendicular media using higher data transfer
rates, direct overwrite magneto-optic disk tech-
nology has been the target of extensive resecarch
[18, 19] with one of the most promising tech-
nigues being magnetic-field modulation (MTM)
[20, 21]. In this method, the magneto-optic layer
is heated continuously by a laser beam while an
externally applied magnetic field, which is modu-
lated at high frequency, switches the bit orienta-
tions. Characteristic crescent shaped domains of
variable length are the result of this MFM ther-
momagnetic writing process. SEMPA measure-
ments of the written bits were made in order to
characterize the size and shape of the domains
and any irregularities in the domain boundaries
as a function of the material composition and
applied switching field intensity.

Lorentz transmission electron microscopy
(TEM) can be used to examine magnetic domain
microstructure [17] at high spatial resolution in
thin films, but contrast can be low for ferrimag-
netic systems near the compensation tempera-
ture. Near the compensation temperature, the
saturation magnetization is nearly zero, and the
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resultant magnetic fields in and near the sample
are small. Hence, the net Lorentz TEM contrast
can be extremely small. This is the case for mag-
net-optic recording materials at room tempera-
ture. However, we will show that in the SEMPA
measurements, the contrast can still be quite high
for magnetically compensated materials.

We have characterized different compositions
of Tb,Fe Co,_,_, alloys at different (writing)
applied fields using SEMPA and TEM Lorentz
[8, 17]. The films were prepared by three gun
electron beam evaporation [21] onto Si/Si;N,
substrates with Si;N, thin film windows. The
magneto-optic layer was protected from corrosion
by a 10nm Al layer and a 25nm SiO, overlayer.
The magnetic domains were recorded on the Si
water using a standard optical recorder in the
‘free running’ mode because there are no pre-
grooves in the film. First, the whole thin window
region was heated with a laser and magnetized
uniformly in the positive z-direction, i.e. magne-
tized out-of-the-plane. Different tracks were writ-
ten by accurate mechanical positioning of a lens
used to focus the laser light as the external
switching field was modulated. The bits were
written with different switching field strengths.
The vertical columns of bits in figs. 3a and 3b are,
starting at the left, in the first column, 3 or 4
marker bits, and then successive columns of bits
where the field strength used to write the bits was
0, 80, 120, 200, 300, 400 Oe, respectively. Prior to
observation in SEMPA, the passivation layer was
removed by sputtering with a 2keV Ar ion beam
while monitoring the composition with Auger
electron spectroscopy.

The source of the magnetic contrast in the
SEMPA images can be understood by analyzing
the out-of-plane magnetization images shown in
figs. 3a and b. In these SEMPA images, the grey
levels indicate the magnitude of the magnetiza-
tion along the z-direction, where white (black) is
magnetization directed along the positive (nega-
tive) z-axis, i.e. out of (into) the page. In fig. 3a
an image of thermomagnetically written bits in

Fig. 3. The out-of-plane (z-component) component of the
magnetization in MFM written bits in a 45nm thick (a)
TbagoFeqrsCo75 and (b) Tbyy (Fegr,Coyy film. The surface
magnetization is normal to the plane for (a) and at 45° to the
surface normal for (b).
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TbyyoFeq sC0, 5 is shown. The Curie tempera-
ture for this sample is 450K, and the compensa-
tion temperature is above the Curie temperature.
This means that the Tb magnetic moments domi-
nate the total magnetization for the ferrimagnet
for all temperatures. As described previously, the
whole thin film window was heated and magne-
tized in the positive z-direction, i.e. out-of-the-
plane (out of the page in fig. 3a). Thus, the Tb
moment which dominates the magnetization must
point along the applied field direction and the Fe
and Co moments which are anti-ferromagneti-
cally coupled to the Tb moments must point
anti-parallel to the applied field. Since the back-
ground within the thin film window in fig. 3a is
black, the magnetization as measured in SEMPA
is pointing in the negative z-direction, the same
direction as the Fe and Co magnetic moments.

In fig. 3b an image of thermomagnetically writ-
ten bits in Tb,,; (Fey, 4Coy, is shown. The Curie
temperature -for this sample is 473K, and the
compensation temperature is 213K, below room
temperature. This means that the Fe and Co
magnetic moments dominate the total magnetiza-
tion for the ferrimagnet for all temperatures at,
and above, room temperature. Once again we can
use the background magnetization within the thin
film window to determine the magnetization ori-
entation. In this case, since the Fe and Co mag-
netic moments dominate the magnetization, their
magnetic moments must point along the applied
field direction, along the positive z-axis, out-of-
the-plane. The Tb magnetic moments must be
oriented along the negative z-axis. Since the
background within the thin film window in fig. 3b
is white, the magnetization as determined by
SEMPA is pointing in the positive z-direction,
again in the same direction as the Fe and Co
magnetic moments.

We conclude that the SEMPA signal (mag-
netization) originates in the transition metal
subnetwork. This is the first observation of a
ferrimagnetic system using SEMPA, and the first
demonstration that the polarized secondary-elec-
tron cascade, which underlics the contrast in

SEMPA, is dominated by the 3-d valence elec-
trons from the transition metals in these mag-
neto-optic alloys [8].

It is known that surface segregation and oxida-
tion of the rare carth elements in rare-earth
transition-metal alloys produced a variation in
the magnetic behavior near the surface [23, 24].
This surface region may effect the signal to noise
ratio of the read-back process as well as the
domain formation process itself. Aeschlimann
et al. [25, 26] have shown that an in-plane mag-
netic layer can exist at the surface even when the
film is protected or in a UHV environment, and
they proposed a simple model to describe the
system. In their model [25, 26], the segregation
and oxidation of the rare-earth produces a non-
magnetic layer at the surface, a transition metal
rich subsurface layer, followed by the bulk mate-
rial. The transition metal rich subsurface layer
exhibits a lower perpendicular anisotropy and a
higher net magnetization.

SEMPA data for the two alloys of figs. 3a
(Thyg o Fegy sCoy5) and 3b (Tby; sFegr (Coyy) in-
dicate the magnetization direction at the surface
in nearly normal and at a 45° angle for these two
alloys, respectively. The surface magnetization
orientation is completely in the plane [8] for a
Th,, ;Fe,, oCogo alloy. For the Tb rich sample
(Tbyy o Fegr5Co45), the in-plane layer must be
much thinner than the SEMPA probing depth, if
it exists at all. For the low Tb concentration film
(Tb,, , Fes, 4Cog o), the subsurface layer secems to
be magnetized in the plane. Since the subsurface
layer is not decoupled from the bulk magnetiza-
tion, the subsurface layer must be thick enough,
and possess enough in-plane anisotropy for the
magnetization to rotate from out of plane in the
bulk to in plane at the surface. For intermediate
Tb concentrations (Tb,, (Fe,, (Cog ), the subsur-
face layer is not sufficiently thick, or the in-plane
magnetocrystalline anisotropy is not sufficiently
large to allow the magnetization to rotate com-
pletely from a normal orientation in the bulk to
in plane at the surface, and hence the magnetiza-
tion is oriented at a 45° angle to the surface.
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4. Conclusion

We have shown that scanning clectron mi-
croscopy with polarization analysis can be a
useful tool for the quantitative analysis of micro-
magnetic structure at surfaces of thin films. We
have uscd SEMPA mcasurements to verify micro-
magnetic models of 180° domain walls, and have
thereby connected the SEMPA measurements of
the surface magnetic microstructure to the micro-
magnetic structure in the interior of a film. The
structure of cross-tie walls was shown to include
two magnetic singularitics, one elliptical and one
hyperbolic type. The triangular structures visible
in the cross ties is formed by the coupling of
these two singularities. We illustrated how
SEMPA can be used to study ferrimagnetic mate-
rials, and that the SEMPA image contrast in
these materials is due to the transition metal
subnetwork magnetic moments. Finally, we have
shown that SEMPA can elucidate complex sur-
face magnetic structure such as that formed in
segregation layers in thin film magneto-optic ma-
terials,
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